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Shear deformation mechanism of PbTe along the (111)/<1-10> slip system 
 
 
 
Figure S1. The shear deformation mechanism of PbTe along the (111)/<1-10> slip system. (a) The intact 
structure prepared to shear, (b) Structure at 0.266 shear strain before failure, (c) Structure at failure strain of 
0.277. (d) The average bond lengths of PbTe(1) and PbTe(2) with increasing shear strain along the 
(111)/<1-10> slip system. The gray dashed line represents the shear strain before the failure. The Pb and Te 
atoms are represented with gray and brown spheres, respectively.   
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Shear deformation mechanism of PbTe along the (111)/<11-2> slip system  
 
 
 
Figure S2. The shear deformation mechanism of PbTe along the (111)/<11-2> slip system. (a) The intact 
structure prepared to shear, (b) Structure at 0.358 shear strain corresponding to the ideal shear strength, (c) 
Structure at failure strain of 0.370. (d) The average bond lengths of PbTe(1) and PbTe(2) with increasing 
shear strain along the (111)/<11-2> slip system. The gray dashed line represents the shear strain before the 
failure. The Pb and Te atoms are represented with gray and brown spheres, respectively. 
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Tensile deformation mechanism of PbTe along the [1-10] direction 
 
 
Figure S3. The tensile deformation mechanism of PbTe along the [1-10] direction. (a) The initial structure 
at 0 tensile strain, (b) Structure at 0.208 tensile strain before the stress relaxation, (c) Structure at failure 
strain of 0.257. (d) The average bond lengths of PbTe(1) and PbTe(2) with increasing tensile strain along 
the [1-10] direction. The gray dashed line represents the tensile strain before the stress relaxation. The Pb 
and Te atoms are represented with gray and brown spheres, respectively. 
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Tensile deformation mechanism of PbTe along the [111] direction 
 
 
Figure S4. The tensile deformation mechanism of PbTe along the [111] direction. (a) The initial structure 
at 0 tensile strain, (b) Structure at 0.228 tensile strain corresponding to the ideal tensile strength, (c) 
Structure at failure strain of 0.232. (d) The average bond lengths of PbTe(1) and PbTe(2) with increasing 
tensile strain along the [111] direction. The gray dashed line represents the tensile strain before the failure. 
The Pb and Te atoms are represented with gray and brown spheres, respectively. 
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Shear deformation mechanism of PbSe along the (001)/<100> slip system 
 
 
Figure S5. The atomic structures of PbSe shearing along the (001)/<100> slip system: (a) The initial intact 
structure, (b) Structure at 0.323 shear strain corresponding to the ideal shear strength, (c) Structure at 0.556 
shear strain corresponding to the highly softening PbSe ionic framework. (d) The average bond lengths of 
PbSe with increasing shear strain along the (001)/<100> slip system. The Pb and Se atoms are represented 
with gray and light green spheres, respectively. 
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Shear deformation mechanism of PbS along the (001)/<100> slip system 
 
 
Figure S6. The atomic structures of PbS shearing along the (001)/<100> slip system: (a) The initial intact 
structure, (b) Structure at 0.381 shear strain corresponding to the ideal shear strength, (c) Structure at 0.528 
shear strain corresponding to the highly softening PbS ionic framework. (d) The average bond lengths of 
PbS with increasing shear strain along the (001)/<100> slip system. The Pb and S atoms are represented 
with gray and deep yellow spheres, respectively. 
  
S-8 
 
Biaxial shear deformation mechanism of PbTe along the (001)/<100> slip system 
 
 
Figure S7. The atomic structures of PbTe under biaxial shear load along the (001)/<100> slip system: (a) 
The initial intact structure, (b) Structure at 0.277 shear strain corresponding to the ideal shear strength, (c) 
Structure at 0.592 shear strain corresponding to the highly softening PbTe ionic framework. (d) The 
average bond lengths of PbTe with increasing shear strain along the (001)/<100> slip system. The Pb and 
Te atoms are represented with gray and brown spheres, respectively. 
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Estimation of fracture toughness from ideal stress-strain curves 
 
        The ideal stress-strain curves shown in Fig. 3a (tensile stress-strain curves for PbTe) and Fig. 
4 (shear stress-strain curves for PbTe, PbSe and PbS) are reported as a true-stress ( t ) and true-
strain ( t ). This must be converted to an engineering stress ( e ) and engineering strain ( e ) for 
the integral to have the correct meaning, which can be accomplished by the relations: 
In(1+ )t e    
exp( )t e t    
The engineering displacement ( ed ) is then calculated from the engineering strain by: 
0e ed a   
where 0a  is the optimized lattice parameter. 
 
Mode I: 
        The mode I fracture toughness of PbTe was estimated from the ideal stress-strain curve 
corresponding to tension along the [100] direction (Fig. 3a). This curve was converted to ideal 
engineering stress-displacement using the relations listed above and the optimized lattice 
parameter of 6.56 Å (Fig. S8). The maximum displacement was found by linearly extrapolating 
the engineering stress to zero from the right-most tail of the data. Integration was performed 
numerically using the trapezoidal method, producing a value of 21.274 J/mIcG  . This value 
was not found to be sensitive to the extrapolated value of maximum displacement. Using the 
Young’s modulus (E = 59.91 GPa) and Poisson ratio (v = 0.241) listed in Table 1, Eqn. 1 was 
used to estimate fracture toughness: 
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Modes II and III 
        In an analogous way to the mode I calculation, the IIc IIIc usG G    values were calculated 
for PbTe, PbSe and PbS by integrating the ideal engineering shear stress-displacement cuves (Fig. 
S9). These curves were obtained from the ideal true stress-strain curves shown in Fig. 4, and 
using the optimized lattice parameters ( 0a ) for PbTe (6.560 Å), PbSe (6.207 Å) and PbS (5.994 
Å). Again, the maximum displacement was linearly extrapolated, this time from the entire linear 
region to the right of the maximum shear stress. The results of the numerical integration are 
20.798 J/mus   for PbTe, 
21.432 J/mus  for PbSe, and 
22.056 J/mus   for PbS. These 
values and the elastic properties reported in Table 1 were used in Eqns. 3 and 4. 
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Figure S8. The ideal engineering stress-displacement curve for PbTe under tension in the [100] direction, 
derived from Fig. 3a. Dashed line shows interpolated/extrapolated values. 
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Figure S9. The ideal engineering shear stress-displacement curves for PbTe, PbSe, and PbS derived from 
Fig. 4. Dashed line shows interpolated/extrapolated values. 
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Figure S10. Schematic illustration showing the loading geometries corresponding to the respective fracture 
toughness estimations. 
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X-ray diffraction of PbTe, PbSe and PbS samples 
 
 
 
Figure S11. XRD of PbTe, PbSe, and PbS samples. Data were collected with Cu Kα radiation over the 2θ 
ranges 10–80° with a step size of 0.019°. All of the XRD patterns can be indexed in the rock salt structure 
as a single phase of PbTe, PbSe or PbS. 
 
